We investigated the relationship between promoter methylation and tracheal stem cell activation. We developed a model of rat tracheal epithelium regeneration after 5-fluorouracil (5-FU)-induced injury. Using immunohistochemistry and Western blotting, the expression levels of the stem cell pluripotency regulator Oct3/4 and differentiation marker CK14 were measured after 5-FU treatment. The methylation status of the Oct3/4, Nanog, and Sox2 promoters was investigated using methylationspecific PCR. Additionally, the effects of 5-azacytidine (5-azaC), a demethylating agent, on Oct3/4, Nanog, and Sox2 mRNA and protein expression were evaluated. Finally, we measured the activity of the maintenance and de novo DNA methyltransferases DNMT1, DNMT3a, and DNMT3b. Our data indicate that Oct3/4, Sox2, and Nanog are transiently expressed in response to 5-FU-induced injury, and then they are gradually silenced as the cells differentiate. DNA methylation can result in silencing of gene expression, and it can determine whether tracheal stem cells are in an active or dormant state. Treatment with 5-FU reversed the methylation of the Oct3/4, Nanog, and Sox2 promoters, which corresponded to increases in Oct3/4, Nanog, and Sox2 mRNA and protein. Thus, both maintenance and de novo methyltransferases are involved in regulating tracheal stem cell dormancy and activation.
INTRODUCTION
Stem cells in adult animals normally exist in a state of dormancy in which they remain in the G0 phase of the cell cycle and do not undergo mitotic division [1] [2] [3] . However, under specific conditions or in response to various factors in vivo, stem cells can be activated, re-enter the cell cycle, and ultimately differentiate into specific tissues [4] [5] [6] . These processes can occur during tissue regeneration in response to injury and other factors.
An understanding of the mechanisms responsible for reactivation of dormant stem cells is important in order to modulate stem cell behavior and develop stem cell-based therapies for disease [7] [8] [9] .
The transcriptional regulator Oct3/4 is expressed in both pluripotent embryonic stem (ES) cells and germline cells. Inactivation of Oct3/4 results in the loss of pluripotency and apoptosis [10] [11] [12] [13] . Oct3/4 is one of a small group of pluripotency regulators that includes Nanog and Sox2, which reinforce each other's Research Paper www.impactjournals.com/oncotarget expression [14] [15] [16] [17] [18] [19] . In this study, we investigated the roles of both tracheal stem cells and basal cells during the regeneration of the rat tracheal epithelium after injury. The relationship between Oct3/4, Nanog, and Sox2 promoter methylation and tracheal stem cell activation was analyzed using methylation-specific PCR (MSPCR). We used a previously developed ex vivo model of rat tracheal epithelium regeneration after 5-fluorouracil (5-FU)-induced injury. In addition, rat tracheal stem cells were treated with the demethylating agent 5-azacytidine (5-azaC), and changes in the expression of Oct3/4, Nanog, and Sox2 were quantified. Our results demonstrate that tracheal stem cell activation is controlled by epigenetic modifications.
RESULTS

Oct3/4 is transiently expressed in the rat tracheal epithelium after 5-FU-mediated injury
We investigated the expression of Oct3/4 in the rat tracheal epithelium after 5-FU-mediated injury by immunohistochemistry. Oct3/4 expression was not observed in the normal rat tracheal epithelium. Immediately after 5-FU treatment, there were only a few cells in G0 (reduced cytoplasm) that were attached to the basement membrane. These cells were Oct3/4-positive. As the tracheal epithelium recovered, the number of Oct3/4-positive cells gradually increased to a maximum. At this point, Oct3/4 levels began to decrease, and they returned to baseline by 48 h. CK14 expression (a marker of differentiation) was observed in the cytoplasm of basal cells in the normal tracheal epithelium. However, 5-FU treatment resulted in a transient decrease in CK14 expression. This decrease was followed by a gradual increase over time to nearly normal levels at 48 h (Figure 1 ).
Transient expression of Oct3/4 in the tracheal epithelium detected by western blotting
Consistent with the immunohistochemical data, Oct3/4 expression was not detectable in the normal rat tracheal epithelium. After treatment with 5-FU, Oct3/4 expression increased and reached a maximal level at approximately 6 h. The expression subsequently decreased to relatively low levels after approximately 48 h. CK14 was highly expressed in normal rat tracheal epithelium. Immediately after treatment with 5-FU, only trace amounts of CK14 were detected. CK14 expression increased gradually over time and returned to approximately normal levels after 48 h (Figure 2 ). 
5-FU induces demethylation of the Oct3/4, Nanog, and Sox2 promoters in rat tracheal epithelial cells
We next investigated the methylation status of the Oct3/4, Nanog, and Sox2 promoters using MSPCR. The promoter regions of all three genes were methylated in normal tracheal epithelial cells (only methylated alleles were amplified). Both methylated and unmethylated alleles were detected in tracheal epithelial cells 0 h and 6 h after treatment with 5-FU (Figure 3) . A significant increase in the methylated alleles was detected between 6 h and 48 h after 5-FU treatment, and only methylated alleles were detected in tracheal epithelial cells at 48 h. These results demonstrate that the promoter regions of these three genes are methylated in normal tissue, and that they are transiently demethylated in response to 5-FU-induced injury. The promoters gradually become remethylated as the epithelium is regenerated (Figure 3 ).
Analysis of DNA methyltransferase activity in rat tracheal epithelial cells
In the normal rat tracheal epithelium, the activity of DNMT1, a maintenance DNA methyltransferase, was 0.0739 units/mg. DNMT1 activity significantly decreased after 5-FU treatment to 0.0010 units/mg, and then gradually increased as the cells differentiated to 0.0598 units/mg at 48 h (approximately the same level as in normal cells) ( Figure 4) . Relatively low activity of the de novo DNA methyltransferases, DNMT3a and DNMT3b, was observed in the normal tracheal epithelium (0.0044 units/mg and 0.0079 units/mg, respectively). However, the activity of both enzymes significantly increased (0.0642 units/mg and 0.0577 units/mg, respectively) immediately after 5-FU treatment (0 h). As the cells differentiated, DNMT3a and DNMT3b activity gradually decreased to 0.0046 units/mg and 0.0191 unit/mg, respectively, at 48 h. These levels were similar to those of normal cells. Thus, significant differences were observed in DNA methyltransferase activity between normal tracheal epithelial cells and 5-FUtreated cells at each time point analyzed (Figure 4 ).
The effects of 5-azaC treatment on the repair of the rat tracheal epithelium
We investigated the effects of 5-azaC treatment on the repair of the rat tracheal epithelium. Morphological changes in tracheal stem cells in the 5-FU untreated control) and 5-azaC-treated groups were evaluated in tissue specimens stained with hematoxylin and eosin (HE). In the untreated group, the tracheal epithelium had a double-layered appearance, while flat epithelial cells were observed in the 5-azaC-treated group ( Figure 5 ). These data suggested that the tracheal epithelium was partly restored by 30 h in the control group. Stem cell proliferation was still observed at this time-point in the 5-azaC-treated group, which was indicative of a delay in differentiation. Thus, 5-azaC-induced demethylation could prolong the differentiation of tracheal epithelial cells.
Enhanced expression of Oct3/4, Nanog, and Sox2 in tracheal epithelial cells after treatment with 5-azaC
We analyzed the expression of the Oct3/4, Nanog, and Sox2 proteins in tracheal epithelial cells after 5-azaC treatment by immunofluorescence ( Figure 6 ). Interestingly, there were fewer Nanog-, Sox2-and Oct3/4-positive cells in the 5-FU control group compared to the 5-azaC-treated group. These results suggested that 5-azaC promoted the expression of Oct3/4, Nanog, and Sox2 during repair of the tracheal epithelium after injury. We therefore examined the levels of Oct3/4, Nanog, and Sox2 mRNA using RT-PCR ( Figure 7 ). These data revealed higher Oct3/4, Nanog and Sox2 expression in the 5-azaC-treated group compared to the 5-FU control group. Thus, demethylation of the Oct 3/4, Nanog, and Sox2 by 5-azaC enhance the expression of these genes in the tracheal epithelium.
DISCUSSION
We analyzed the expression and methylation status of the Oct3/4, Nanog, and Sox2 genes in rat tracheal epithelial cells following 5-FU induced injury. Our results indicate that these proteins can be used as tracheal stem cell markers. CK14, a marker of differentiated epithelial cells, was expressed in the basal cells of the normal tracheal epithelium, but the stem cell markers Oct3/4, Nanog, and Sox2 were not expressed in the normal tracheal epithelium. Thus, stem cells in the normal epithelium are in a state of dormancy. genes is detected; 0 h: Immediately after removal of 5-FU, amplification of the unmethylated alleles of all three genes is detected; 6 h: Amplification of the unmethylated alleles of all three genes is apparent 6 h after the removal of 5-FU; 48 h: Only the methylated alleles of the Oct3/4, Nanog, and Sox2 genes are detected 48 h after removal of the whereas the number of CK14-positive cells transiently decreased. This suggests that Oct3/4-expressing tracheal stem cells were selectively activated in response to injury. They then differentiated into various cell types, including ciliated, basal cells (which normally express CK14) and secretory cells.
Previous studies have suggested that basal cells are actually tracheal stem cells [20, 21] [22] [23] [24] [25] .
Regular changes in the expression of the Oct3/4, Nanog, and Sox2 genes (silent-active-silent) were observed during the process of tracheal epithelium repair after 5-FU-induced injury. Our data indicate the expression of these genes is epigenetically regulated by promoter methylation. We previously showed that Oct3/4, Nanog, and Sox2 are not expressed in the normal tracheal epithelium [22, 23] . This is because the promoters of these genes are normally methylated and therefore transcriptionally silenced. After treatment with 5-FU, the G0 phase cells that remained on the basement membrane expressed Oct3/4, Nanog, and Sox2. At this time, the promoters were in a demethylated state, which allowed for gradual reactivation in response to injury. The number of cells in the unmethylated state increased as the cells proliferated. As the cells differentiated, the expression of Oct3/4, Nanog, and Sox2 decreased, and the degree of methylation increased. Oct3/4, Nanog, and Sox2 expression almost completely disappeared once repair was complete. We propose that the Oct3/4-, Nanog-, and Sox2-expressing cells are undifferentiated and multipotent tracheal stem cells.
We previously knew that DNA methylation can result in gene silencing, and that demethylation can lead to re-activation of gene expression, especially in embryonic stem cells [26] [27] [28] . Here, we demonstrated that the proliferation and differentiation of tracheal stem cells were correlated with promoter methylation state. We determined that 5-azaC-induced demethylation of the Oct3/4, Nanog, and Sox2 promoters resulted in tracheal stem cell activation. In a study of non-tumor cells, methylation was the main cause of gene silencing [29] . We used the demethylating agent 5-azaC to study the effect of demethylation on gene expression in tracheal stem cells.
Because 5-azaC has a certain degree of cellular toxicity, the tracheal epithelium completely differentiated became necrotic, and sloughed off after 5-azaC treatment. Oct3/4, Nanog, and Sox2 were re-expressed in the differentiated tracheal epithelium. Some studies have found that 5-azaC reversed the differentiation ES cells and lead to Oct3/4, Nanog, and Sox2 expression [30] . Our data support the hypothesis that 5-azaC-induced demethylation of the Oct3/4, Nanog, and Sox2 activates gene expression. However, there are also other mechanisms that regulate stem cell proliferation and differentiation such as histone acetylation [31] [32] [33] .
DNMT1 is generally thought to be the primary methyltransferase involved in the maintenance of methylation, whereas de novo methylation relies on the activities of DNMT3a and DNMT3b [34] . DNMT1 is the most abundant DNA methyltransferase and is mainly expressed during the S phase of the cell cycle. DNMT3a and DNMT3b directly interact in stem cells. During the differentiation of embryonic carcinoma cells and ES cells, these two enzymes cooperate to methylate the promoter regions of the Oct3/4 and Nanog genes. Thus, removal of DNMT3b and DNMT3a can result in insufficient methylation and disordered Oct3/4 expression [35] [36] [37] [38] .
Here, we demonstrated that in the normal tracheal epithelium, the activity of the maintenance methyltransferase DNMT1 increased and the activities of the de novo methyltransferases DNMT3a and DNMT3b decreased. Oct3/4 expression was observed in G0 phase cells after 5-FU treatment. When the Oct3/4 promoter was in the unmethylated state, the activity DNMT1 decreased while the activities of DNMT3a and DNMT3b increased. These results were indicative of reactivation of the normally silenced gene. During the differentiation of G0 phase cells, the expression of Oct3/4 gradually disappeared. This was the result of methylation-induced gene silencing. During this process, DNMT1 activity increased, while the DNMT3a and DNMT3b activity returned to near-normal levels. Therefore, DNA methyltransferases function to both silence and activate the stem cell marker Oct3/4, leading to dormancy or activation of tracheal stem cells, respectively.
The results of our study question the traditional view that basal cells are stem cells. We propose that Oct3/4, Nanog, and Sox2 are not only ES cell-specific markers, but also indicate, via their expression levels, the degree of cellular undifferentiation. Additional studies are required to elucidate the mechanisms responsible for the conversion of stem cells from dormancy to activation, which will be required for the development of stem cell-based therapies. medium (DMEM/F12) supplemented with 120 mg/mL 5-FU and 10% fetal bovine serum (FBS) for 12 h at 37°C. The 5-FU was then washed out and the tracheas cultured in DMEM/F12 media supplemented with 10% FBS for 0, 3, 6, 12, 24, or 48 h. The epithelial cells were then isolated from the tracheas for analysis.
MATERIALS AND METHODS
Model for tracheal epithelial regeneration
Tracheal tissue was divided into a 5-FU group (no 5-azaC treatment) and a 5-azaC treatment group. The tissue was all incubated with 5-FU for 12 h, after which the medium was exchanged, and the tissue incubated for an additional 30 h. In the 5-FU group, the tracheal tissue was removed and placed in DMEM/F12 supplemented with 10% FBS for 30 h. The tracheal tissue was then stored until analysis. In the 5-azaC group, after treatment with 5-FU, the medium was exchanged and the tissue was incubated in DMEM/F12 supplemented with 10% FBS for an additional 24 h. The tissue was then removed and placed in DMEM/F12 containing 1 µm 5-azaC and incubated for 6 h. Following these incubations, the tracheal tissue was removed and stored until analysis.
Immunohistochemistry
Immunostaining was performed using the avidinbiotin-peroxidase complex method (Ultrasensitive TM , MaiXin, Fuzhou, China). Monoclonal goat anti-CK14 and anti-Oct3/4 were purchased from Santa Cruz Biotechnology (Santa Cruz, CA, USA). The experimental protocol was performed according to the manufacturer's instructions. We used the positive control supplied with the kit. Phosphatebuffered saline (PBS) was used in place of the primary antibody as a negative control. The proteins were detected by 3,3′-diaminobenzidine tetrahydrochloride (DAB) staining. Samples were imaged using an Olympus BX50 DIC microscope (Olympus, Shinjuku, Tokyo, Japan). 
Western blotting
Total cell homogenates were prepared by lysing cells in NP40 lysis buffer containing 1% NP40, 10% glycerol, 20 mM Tris-HCl pH 8.0, 137 mM NaCl and 4% complete protease inhibitor cocktail mix (Roche, Mannheim, Germany). Eighty micrograms of total protein was resolved by SDS-PAGE and subsequently transferred onto a PVDF membrane (Immobilon, Millipore, Billerica, MA, USA). Membranes were blocked with 5% non-fat dry milk in PBS for 1 h with gentle shaking. The membranes were then washed three times for 10 min each with PBS containing 0.1% Tween-20 (PBST). The membranes were incubated with the primary antibodies (Santa Cruz; Table 1 ) diluted in 1% BSA in PBS overnight at 4°C with shaking. The following day, the membranes were washed three times with PBST as described and incubated with the secondary antibodies ( Table 1) for 2 h at room temperature. After an additional three washes with PBST, the membranes were incubated with DAB for 2-3 min at room temperature. The blots were subsequently developed in the dark, dried, and photographed. After scanning, densitometric analysis was performed using the IMAGEJ 1.33 software (National Institutes of Health, Bethesda, MD, USA).
MSPCR
DNA was extracted from tracheal epithelial cells 0 h, 6 h, and 48 h after 5-FU treatment using an animal tissue genomic DNA Extraction Kit (Beijing, China). The DNA was stored at -20ºC after quantitative analysis. The DNA was methylated, modified, and purified using a methylation modification kit (CHEMICON). The final volume of the modified DNA was 50-60 µL. Two pairs of primers were designed to amplify the Oct3/4, Nanog, and Sox2 promoters [39] [40] [41] . MSPCR primers were designed using the MethPrimer software [42] . All primers are shown in Table 2 . MSPCR was performed with the PrimeSTARTM HS DNA Polymerase (Takara Bio, Otsu, Japan) according to the manufacturer's protocol. The MSPCR conditions were as follows: 95°C for 3 min followed by 40 cycles of three steps at 98°C for 10 s, variable temperature (see Table 2 ) for 10 s, 72°C for 1 min, and 72°C for 7 min. The MSPCR products were visualized by ethidium bromide staining on 2% agarose gels using an ultraviolet gel scanner (UVP, Cambridge, U.K.).
Measurement of DNA methyltransferase activity (DNMT1, DNMT3a, and DNMT3b)
Nuclear proteins were extracted from the tracheal epithelium of both normal and 5-FU-treated rats. Samples were collected 0 h, 6 h, 24 h, and 48 h after treatment with 5-FU. The extraction of both nuclear and cytosolic proteins was performed with an extraction kit (Bi Yuntian). All steps were performed on ice. The concentration of nuclear protein was estimated using the BCA method. Nuclear protein extracts were added to 96-well, enzymelabeled plates, and the DNA methyltransferase activity was measured based on absorbance at 510 nm at 37°C. The assay was performed according to the manufacturer's instructions (DNMT Activity/Inhibition Assay Kit, GENMED Scientific, Shanghai, China). The sample activities were converted using the formula below and activity curves generated: Activity calculation formula:
[(sample reading -background reading) x sample dilution multiple × 0.125 (system capacity; mL)] ÷ [0.005 (sample capacity; mL) × 6.58 (mmol absorption coefficient) × 0.6 (cm) × 15 (min) ] = units/mL ÷ (sample protein concentration) mg/mL = units/mg Units = µmoles S-adenosylmethionine/min
Indirect immunofluorescence
Indirect immunofluorescence staining was performed on serial 3-μm thick tracheal tissue sections from both the untreated and 5-azaC-treated groups (Santa Cruz Biotechnology, Santa Cruz, CA, USA). The secondary antibodies were the following: Tetramethylrhodamine isothiocyanate (TRITC)-conjugated rabbit anti-goat immunoglobulin G (and fluorescein isothiocyanateconjugated goat anti-rabbit IgG (dilution 1:100; HuaMei, Beijing, China). The secondary antibodies were diluted in PBS containing 1% bovine serum albumin (BSA) prior to use. After treatment with the secondary antibody, the samples were incubated with 0.5 μg/mL 4, 6-diamidino-2-phenylindole (DAPI; Sigma, St. Louis, MO, USA) for nuclear counterstaining. The samples were imaged using an epi-illumination fluorescence microscope BX50 (Olympus, Tokyo, Japan).
RT-PCR analysis
Total RNA was extracted from harvested cells with the TRIzol reagent (Invitrogen, Carlsbad, CA, USA). RT-PCR was performed using the TaKaRa RNA PCR Kit (AMV) version 3.0 (Takara Bio, Otsu, Japan) according to the manufacturer's protocol. PCR primers were designed to span exons in order to minimize the possibility of genomic DNA contamination (Table 2 ). ß-actin was used as an endogenous control. The PCR conditions were as follows: 94°C for 2 min, 94°C for 30 s, variable temperature (see Table 2 ) for 40 s, and 72°C for 1 min, for 35 cycles. PCR reactions that lacked reverse transcriptase served as negative controls. The PCR products were visualized by ethidium bromide staining on 2% agarose gels using a gel scanner (UVP, Cambridge, U.K.). www.impactjournals.com/oncotarget
Statistical analysis
Data from at least three independent experiments were used for statistical analyses. All analyses were performed with the SPSS 11.5 software (SPSS, Chicago, IL, USA). All values are expressed as the mean ± standard deviation. One-way ANOVA was used to evaluate statistical significance, and a P-value < 0.05 was considered significant.
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